Abstract
Introduction

38
The industrial cultivation of microalgae has been the focus of increased attention in recent 39 years, although the first commercial operations date to the 1960s. Various microalgae are 40 cultivated to produce food, food supplements, pigments, and lipids for conversion to biofuels.
41
Microalgae are usually cultivated in batch or semi-batch processes with cultivation times of 42 up to 20 days. The monitoring of microalgal cultivations is of importance for process control.
43
Of particular interest are parameters related to the biological system, including cell 44 concentration and composition, which provide information about the status of the cultivation.
45
Data on cell morphology and size are useful for monitoring the presence of contaminating 46 species and the health of the culture. Ideally, these measurements would be made 47 continuously, with the sensor system interfaced with the photobioreactor or pond in either an 48 in-situ or an on-line format [1] .
50
One approach to this goal is the use of continuous, non-invasive microscopic monitoring.
51
The first in-situ microscope (ISM) was developed in 1990 [2] and has since been improved 
57
and processed using particle-specific algorithms, yielding estimates of several parameters,
58
including particle count, size and morphology.
60
The goal of this project was to develop and evaluate the ISM strategy for monitoring 
80
( Fig. 1) . Since the whole system has a modular construction, individual parts could be 81 replaced easily. A white LED was attached on the other side of the flow cell (Fig. 1 ). This 
104
The resulting software is capable of computing three process variables as primary 
115
For absolute cell area determination, the microscope-camera system was calibrated. A film 116 with a microscale was inserted into the measuring zone and pixels over a distance were 
141
FTM was placed in the PBR bypass and supplied with cell suspension using a second 142 peristaltic pump (Fig. 2 
237
and to correct for changes in cell size and composition (e.g., the presence of lipid bodies) 238 has proven challenging. Using FTM, these issues can be avoided, and additional 239 measurements such as the distributions of cell size and cell shape can be obtained.
240
Although shear stress from pumping the cells through the bypass may be a concern for 241 some microalgae, there was no discernible impact for the two species used in these 242 experiments.
244
Continuous measurements of cell concentration and cell size distribution have many 
252
analysis software to provide data on the population morphology.
254
The modifications to the commercial ISM described here allow the imaging zone to be 255 cleaned automatically in the event of moderate cell adhesion. If more severe cell 256 accumulation is encountered, the microscope can easily be disconnected, cleaned, and 257 connected again under sterile conditions. Moreover, different light sources can be used with 258 simple replacement.
260 11
The results reported here demonstrate the basic capabilities of this system for obtaining on- Critical eccentricity function for analysis of Chlorella vulgaris image data. Manually selected image data (only in the early growth phase) was used to develop a critical eccentricity function for the size range 600 -1400 pixels that serves to distinguish clusters and large single cells. All objects larger than 1400 px are assumed to be clusters, all objects smaller than 600 px are assumed to be single cells, and for objects in the size range 600 -1400 px, a critical eccentricity is computed. All objects below the critical excentricity (provided by the function) for a given pixel size are assumed to be single cells. Objects classified as clusters can be then removed from further analysis concerning cell size and eccentricity. 
